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Introduction
The instability of price and supply of fossil fuels has necessitated the need for increasing utilization and development of alternative energy. Biomass is an attractive choice to substitute the conventional fossil fuels because of its abundant availability, its net zero emission of CO2, and more importantly being renewable. There are a number of processes to convert biomass into energy such as fermentation, digestion, and thermal decomposition. The fermentation and digestion processes are relatively slow compared with thermal decomposition [1, 2] . Among biomass utilization technologies, thermal decomposition or thermochemical methods including combustion, pyrolysis, and gasification are thus currently the most appropriate and widely commercially used. Gasification, a process that coverts biomass at high temperatures (>700°C) under restricted amount of oxygen and in the presence of an external supply of oxidizing agents, such as pure oxygen, steam, and carbon dioxide, offers greater fuel flexibility because the syngas produced including methane, carbon monoxide, and hydrogen can be used either directly as fuel or as starting feedstocks for chemical production (e.g., methanol) or converted by the Fisher-Tropsch process into synthetic fuel. In addition, from the standpoint of combustion efficiency, gasification is superior to the direct combustion of original fuel since syngas can be combusted at a much higher temperature. The composition of the product gas, however, can vary Significantlydepending on the operating conditions [3] ,types of precursor [4] , and types of gasifier [3, 4] . A gasification 2 process can be achieved in a variety of gasifiers: fixed bed gasifiers [5] , fluidized bed gasifiers [6] , and spouted bed gasifiers [7] . However, these technologies are always operable at a high temperature and pressure with the purpose to enhance the gasification performance [S] . Hence, in terms of energy utilization, it is better to operate a gasification system at a low temperature range and this can be realized by the application of an effective catalyst. Garcia et al. (1999) [9] reported that the low temperature catalytic gasification process is a suitable and attractive choice to convert lowcalorific value biomass waste into H2 rich gas and to avoid the ash-related problems at high temperature such as sintering, agglomeration, decomposition, erosion, and corrosion. Various kinds of catalyst have been developed and tested for the gasification process. Several studies have shown that alkali metal salts, such as alkali carbonates [10] , oxides, hydroxides and chlorides, and metal catalyst, such as nickel [11, 12] , are effective catalysts in gasification. Earlier experiments showed that the usage of metal containing catalysts could accelerate the gasification rate [9, 13, 14] , increase the gas yield, decrease the liquid and tar yields [2, 15, 16] , and upgrade the fuel gas heating value by increasing hydrogen contents [15, 17] . Generally, the catalytic gasification is performed at relatively low temperatures (<S50' C) with a working temperature range depending on the type of precursors and catalysts used. Apart from the generated syngas product, the solid activated carbon product left from gasification can be further utilized as a sorbent material. However, the surface properties of an activated carbon from a gasification process will depend to a large extent on the preparation conditions and type of precursor materials.
With the purpose to lower energy consumption in a gasification process and to make use of abundantly available coconut shell in Thailand, it was decided in the present work to investigate the catalytic gasification of coconut shell biomass to Simultaneously produce synthesis gas and a high porosity activated carbon at gasification temperatures lower than those encountered in normal practice. In this work, potassium hydroxide and carbon dioxide gas were employed as a catalyst and gasification oxidizing agent, respectively. Generally, potassium hydroxide is Widely used as an activation agent since it can lead to optimal textural and chemical properties of the carbon [IS], although the molecular details of activation mechanisms are not yet fully understood. Huang et al. (2009) [19] have reported the effects of metal catalysts on CO2 gasification reactivity of biomass char. They found that the CO2 gasification reactivity of char was improved via the addition of metal catalysts in the order of K>Na> Fe>Mg. Some previous works have also reported the enhanced production of hydrogen from catalytic steam gasification by employing potassium compounds [IS, 20] . Furthermore, reports on the study of coconut shell gasification using both potassium hydroxide and carbon dioxide are quite limited. Therefore, the use of combined potassium hydroxide and carbon dioxide for the gasification of coconut shell to produce a high heat content gas fuel and a high porosity carbon adsorbent was the main objective of this work.
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Experimental Section
Raw Material Characterization. Coconut shell was
crushed by a jaw crusher and screened to obtain an average particle size of 1.55mm (12 x 14mesh). The sample obtained was then dried at 110'C for 24 hours in an oven to remove excess moisture contained in the raw material and was kept for further analysis and experimentation. Chemical composition of coconut shell was determined by means of proximate and ultimate analyses. Proximate analysis was determined using a TGA analyzer (TGA 701, LECO) by following the analytical method ASTM D75S2-12. Ultimate analysis was determined by using a CHNS analyzer (TruSpec CHN, LECO) to give elemental information on %weight of carbon, nitrogen, hydrogen, sulfur, and oxygen (by difference).
Coconut Shell Gasification.
Coconut shell and potassium hydroxide were used, respectively, as a precursor and a catalyst for the gasification experiments. When the carbonization step was introduced prior to the gasification step, coconut shell precursor was heated in a muffle furnace under the atmosphere of flowing argon (100mLlmin) at 450'C for 60 min using the heating rate of 10'C/min and the final char yield was determined. The experimental procedure for the gasification study is as follows. Each of the precursors (raw coconut shell or coconut shell char from the carbonization step) of known weight was thoroughly mixed with potassium hydroxide powder according to the required catalyst to precursor weight ratio by keeping the total weight of mixture constant at 10g. This solid mixture was then gasified in a fixed bed reactor made from a silica-alumina tube (45 mm ID and 600 mm in length) by heating at IO'C/min from room temperature to the desired gasification temperature under a constant flow (100mL/min) of oxidizing gas (50% Ar + 50% CO2). The temperature and holding time for gasification were varied from 300 to 700'C and from 30 to ISOmin, respectively. During gasification, the produced gas products were passed through a water condenser to remove the liquid biooil and the remaining gas was continuously collected every 10 minutes in a lO-liter gas sampling bag until no gas products were generated which normally took about 240 min of gasification time. The main gas composition including CO, CO2, H2, CH4, and C3Hs in the product gases was determined by a gas chromatograph (Shimadzu, GC-2014)using a thermal conductivity detector (TCD) and flame ionization detector (FID), with helium gas being introduced as the carrier gas. The final solid product obtained was mixed with HCI solution (5% by volume concentration) and stirred for 1hour, followed by rinsing with deionized water to remove any remaining potassium hydroxide and potassium hydroxide derivatives until the pH of the rinsing water was constant at proximately 7.0. Then, the carbon product was dried at 110"Cfor 10-12 hours and weighed. Previous works have shown that HCI solution in the concentration range from 0.S5 to 43% by volume has been employed to effectively remove contaminants from activated carbons produced by chemical activation with KOH [21] [22] [23] [24] [25] .
The specific surface area of the activated carbon sample was determined from the N2 adsorption isotherm at 77 K TABLE1:Experimental conditions for studying low temperature catalytic gasification of coconut shell.
Sample code
Step I (carbonization) with an automatic sorption meter (BELSORP-max). The sample was placed into the sample tube, heated to 300°C, and evacuated until the pressure became less than 6.7 x 10-7 Pa prior to the surface area measurement. The BrunauerEmmet-Teller (BET) theory [26] was used to determine the specific surface area of the activated carbon product. Total pore volume was calculated from the amount of N2 gas adsorbed at a relative pressure of 0.95 and converted this amount to the volume of N2 in liquid state. The t-plot method [26] was applied to calculate the micropore volume. The combined volume of mesopores and macropores was obtained by subtracting the micropore volume from the total pore volume. X-ray diffraction (XRD) analysis of the activated carbon product was carried out by using a Shimadzu EDX-700 energy dispersive X-ray spectrometer with Cu Ka radiation.
XRD was performed on the powder samples (dp < 0.045 mm, dried for 24 h) with a 40 kV generator voltage and a 30 mA current, the step size was o.or, and the scan range 2e = 1O.r to 110°.
The percent yields of solid and liquid products were determined from the known weight of the collected products and the initial weight of the coconut shell. The gas yield was then determined from the mass balance. Table 1 summarizes the experimental conditions used to study the catalytic gasification of the coconut shell in this work.
To test the reproducibility of the experimental data, all the gasification experiments were repeated three times (triplicate tests) for each gasification condition. The standard deviation of error (a) of solid and gas yields was estimated by the for each solid yield and gas yields. The standard deviations of error were found to be 6.43 and 8.47 for the solid yield and gas yield, respectively. This indicates that the reproducibility of the gas yield is somewhat less than that of the solid yield. The average errors (percent deviation from mean) were estimated to be 4.95% and 6.40% for the solid yield and gas yield, respectively. Table 2 shows the proximate and ultimate analyses of the coconut shell precursor used in this work. It is noted that the coconut shell has high content of volatile matter and low contents of ash, nitrogen, and sulfur. The precursor contains low composition of ash which is advantageous for the synthesis of highly porous activated carbons with a high yield [27] . The fixed carbon I::
Results and Discussion
3.1.Raw Material Characterization.
.00 [29] , and Demirbas (2009) [30] . Itis also observed that the coconut shell contains high carbon content (>50%) which makes it suitable as a potential precursor for activated carbon production [31] .The relatively low nitrogen and sulfur contents indicate that NOx and SOx emissions during the gasification process should be minimal. Furthermore, the low content of sulfur decreases the possibility of acid species formation which can produce acid rain or corrode the metallic parts of gasification systems.
Properties of Syngas Product.
The effect of time/temperature history on the yield and composition of produced gas during the heat-up period from room temperature to the final gasification temperature of 600°C is shown in Figure l .
The results indicate that hydrogen gas could be generated at a lower temperature as the chemical ratio was increased. Generation of hydrogen gas started at the temperature range of 400-500°C when the gasification occurred in the absence of potassium hydroxide ( . The generation of hydrogen over the low temperature range in the presence ofKOH was hypothesized here to possibly occur via the reaction of KOH in the liquid state with carbon (1) [32] . In KOH/carbon system, KOH can undergo a phase transformation from solid to liquid at a temperature around 120°Cor higher [32] : As for the gas generation, carbon dioxide was detected in the temperature range of 200-600°C, 200-S00°C, and SOO-600·C when the reaction occurred without KOH and with chemical ratios of 0.5 and 2.0, respectively. The large quantities of carbon monoxide and methane were detected between 400 and SOO°Cwhen the chemical ratio of 2.0 was employed. The methane gas evolution was generated at lower temperatures when the chemical ratio was increased.
In the case of the chemical ratio of 0.5, it was found that methane was generated over the 300-S00°C temperature range. Figure 1 also indicates that the total amount of syngas increased with time until it reached a maximum value and then decreased. The result shows that the gasification time up to 120min was sufficient to collect most of the generated gas sample for all chemical weight ratios. The maximum amount of gas samples was obtained between 400 and SOO°Cwhen the reaction occurred in the absence of potassium hydroxide and reduced to 300-400°C and 200-300°C when the reaction occurred with the potassium hydroxide weight ratios of 0.5 and 2.0, respectively. The results of product gas yields, composition, and heating values under various gasification conditions are shown in Table 3 and Figure 2 . On studying the effect of chemical loading, the amount of potassium hydroxide catalyst per weight of the coconut shell was varied in the range from 0 to 2.0 gig and the gasification was performed at 600°C for 180min (samples GOI-G06). As shown in Figure 2 (a), the gas product yield increased steadily over a narrow range from 26.22% to 29.2S% when the chemical weight ratio was increased from zero to 1.S and then dropped significantly with an increasing chemical ratio from 1.S0 to 2.0. On the gas composition, Figure 2 (b) indicates that carbon dioxide was the main gas product accounting for 43.97 %wt for CO2 gasification without potassium hydroxide (GOl), along with some amounts of carbon monoxide (16.40 %wt), hydrogen (0.40 %wt), and methane (2.l6 %wt). The composition of propane was not found in the gas products under this condition. It should be noted that the amount of carbon dioxide generated from gasification is determined by the difference between the amount of carbon dioxide detected at the exit and that fed to the reactor. Also, the total amount of detected gas products tended to increase steadily with an increasing chemical weight ratio and dropped at a chemical ratio larger than 1.S (Figure 2(b) ). The total amount of gas products was 6 International Journal of Chemical Engineering TABLE3: Yields and composition of produced gas under various gasification conditions (see Table 1 for sample code).
Sample
Gas yield (%) Gas composition (mmol/g) reduced by approximately 20% when the chemical weight ratio was increased from 1.5 to 2.0. Gasification using both the potassium hydroxide and carbon dioxide appeared to promote the generation of hydrogen, carbon monoxide, and hydrocarbon gases but tended to reduce the amount of carbon dioxide generation at a chemical ratio greater than 1.0 (samples G05 and G06). Also, increasing the amount of potassium hydroxide showed an increase in the hydrogen contents in the produced gas with the chemical ratio of 2.0 (sample G06) giving the highest generated amount. It is also observed that the maximum generation of hydrogen in the produced gas was 15.5 times higher than the case without potassium hydroxide (cf. G06 versus G01). This result could stem from the improvement of the water-gas shift reaction (2) caused by the presence of potassium hydroxide that releases more water upon heating, according to (3) .
Water-gas shift reaction is as follows:
KOH decomposition is as follows:
It should be noted that the decomposition ofKOH can occur over the temperature range of 400-450°C [33] . Furthermore, the increase in hydrogen content could possibly result from the dehydrogenation reaction of KOH that could occur during gasification as suggested by Viswanathan et al. (2009) [34] . Equation (4) shows such a proposed chemical pathway:
It is interesting to note from Figure 2 (b) that the highest amount of carbon monoxide generated per gram of coconut (2) shell was evidently achieved at the chemical weight ratio of 1.5 (sample G05). Results from the gas analysis indicate that the amount of propane gas appeared to increase with increasing chemical weight ratio. However, the amount of propane gas detected is relatively small when compared with the total amount of the gas produced. The heating values of the gas products were calculated based on the measured gas composition and the heating value of the combustible gas components, including H2, CO, CH4, and C3HS' As Figure 2 (c) shows, the heating value varies in the range from 3.2 to 22.6 MJ/kg of produced gas as the chemical weight ratio was increased from zero to 2.0 gig. The highest heating value of produced gas was obtained at the chemical weight ratio of2.0 (22.6 MJ/kg of gas), coinciding with the maximum production of hydrogen gas at this chemical weight ratio, and this result could be well explained by the role of KOH as discussed earlier.
The effect of gasification temperature on the yield, composition, and heating value of produced gas for the gasification time of 180min and the chemical ratio of 0.75 is shown in Figure 3 . The gas yield was found to increase with increasing the gasification temperature from 300 to 500°C and with a slight increase from 500 to 600°C (Figure 3 (a». The total amount of gas produced (in mmollg coconut shell) shows a tendency of steady increase with an increasing gasification temperature, as shown in Figure 3(b) . On the gas composition, carbon monoxide content increased with an increasing temperature up to the maximum of 500°C, while the amount of hydrogen produced remained relatively constant. A clear increase in the gas yields with an increasing gasification temperature could be attributed to the increased rates of devolatilization during the pyrolysis step [35] , cracking reactions of the tar, and gasification reaction of the char. Also, the component of methane was found at the gasification temperature of 500"C or higher and the component of propane was detected only at the highest temperature of 600"C (GlO). Figure 3(c) shows that the heating value of the produced gas appeared to increase from 5.1to the maximum of 12.8Ml/kg of gas when the gasification temperature was increased from 300 to 500"C and then drop to 9.3Ml/kg of gas when the temperature was further increased from 500 to 600"C. Obviously, this drop in the gas heating value should be the consequence of the decrease in carbon monoxide and the increase in carbon dioxide contents, as shown in Figure 3 (b). From these obtained results, the gasification schemes for the low temperature gasification process without a prior carbonization step could be proposed as follows:
(1) Gasification with carbon dioxide only:
Coconut shell + CO2 __, CO2 + CO + H2 + CH4
(2) Gasification with both carbon dioxide and potassium hydroxide:
The possible existence of these reaction schemes is further supported by the results of XRD analysis of the final solid product before the washing step, as shown in Figure 4 . The peak of K2C03 compound at 2e :::: 32 .46" is observed on the intense line of activated carbon samples from coconut shell gasification with only potassium hydroxide (KOH) and combined potassium hydroxide and carbon dioxide (KOH + CO2), This indicates that the formation of K2C03 occurs by the reaction of KOH with CO2 present in the gasification process.
The effect of the carbonization step on the yield, composition, and heating value of the gas products was investigated at 600"C for 180min and the chemical weight ratio of 2.0 and the results are shown in Figure 5 . It was found that carbonization step led to a large decrease in the gas yield and this is obviously the result of excluding the amount of gas products released from the carbonization step. Figure 5 (b) also shows that the main gas products from gasification of coconut shell without carbonization step (G06) were hydrogen, carbon dioxide, and carbon monoxide. However, when incorporating the carbonization step (Gll) prior to the Table 1for FIGURE 4:XRDpatternsof activatedcarbonsfrom rawcoconutshell by one step gasificationmethod (without the carbonization step) under the same conditionsby using differentoxidizingagents.
catalytic gasification, the main gas composition was hydrogen and carbon dioxide with hydrogen composition in %weight being much higher than the case of without carbonization (18.18versus 10.20%as shown in Table 3 ). Figure 5 (c) further illustrates that the incorporation of the carbonization step prior to gasification gave a slightly higher heating value of produced gas in the unit of MJ/kg gas (25.2 versus 22.6). The effect of the chemical ratio on the produced gas yield, gas composition, and gas heating value of coconut shell gasification with the carbonization step at 600°C for 60 min is shown in Figure 6 . Results in Figure 6 (a) indicate that the increasing of the chemical ratios did not exert a Significant effect on the gas yield. Figure 6 (b) shows that the major gas composition appeared to be hydrogen followed by carbon dioxide. The amount of hydrogen and propane increased with an increasing chemical ratio from 2.0 to 4.0, while for carbon dioxide the reverse trend was observed. Figure 6 (c) further shows that the heating value of the produced gas was increased from 27.5to 41.4MJ/kg of gas as the chemical ratio was increased from 2.0 to 4.0. This result is consistent with the corresponding increase in hydrogen content of the gas products, as illustrated in Figure 6 (b). Figures 7(a) , 7(b), and 7(c) present the gas yield, gas composition, and heating value of the produced gas from coconut shell gasification with the carbonization step when the gasification temperature was varied from 600 to 700°C. It was found that the increasing of gasification temperature over this narrow range had almost no effect on the yield and heating value of the produced gas. On the other hand, it did show an influence on the gas composition. The main gas composition appeared to be hydrogen and lesser amounts of methane and propane. The composition of carbon monoxide and carbon dioxide was not found in the gas products at a gasification temperature higher than 600°C.
Porous Properties of Carbon Product.
The effect of the chemical ratio on the yields and porous properties of the activated carbons produced from the coconut shell by CO2 gasification under varying conditions is shown in Table 4 (samples GOI-GI6). For the gasification without the carbonization step, the chemical weight ratios between 0 and 2.0 (samples GOI-G06) were tested at a fixed gasification temperature of 600°C for 180min. It was found that the yield of solid product (activated carbon) appeared to decrease International Journal of Chemical Engineering continuously from 28.13%to 14.18%when the chemical ratio was increased to the value of 2.0, as displayed in Figure 8 (a). The plausible explanation to this result could be that the higher chemical weight ratio would intensify the dehydration reactions giving rise to the increasing release of volatile products [36] . KOH could also promote the gasification process because with high chemical ratio the gasification of surface carbon atoms is the predominant reaction, leading to an increase in the weight loss of the precursor [37] . Figure 8 (b) shows that activated carbon from coconut shell gasification mainly consisted of micropores (more than 90%) and the average pore diameter varied in the range from 1.85 to 2.75 nm without a definite effect of the chemical ratio (see Table 4 ). There is also a tendency for the mesopore and macropore volume to increase with an increasing chemical weight ratio from 0.0064 to 0.0351cm3/g. It was also found that the specific surface area of the activated carbon product was increased by about 8.4 times (from 119to 1000 m2/g) when gasifying with both potassium hydroxide and carbon dioxide at the maximum chemical weight ratio of 2.0 (see Figure 8 (c». The results obtained agreed with the works by Hu and Srinivasan (1999) [38] who reported that increasing the KOH chemical ratio led to a more developed porosity. There is also a tendency for the mesopores fraction of the activated carbons to increase over the chemical ratios from 1.0 to 2.0. However, the specific surface area of the solid product 
4 FIGURE 6: Effect of chemical ratio on gas yield and gas composition from gasification of coconut shell char with carbonization step using 50% CO2 at 600·C for 60 min.
obtained by using only potassium hydroxide at the chemical ratio of 0.75 in the atmosphere of argon at the temperature of 600°C for 180min (sample GIO, SBET of 591m2/g) is just 8% lower than the activated carbon from the combined use of potassium hydroxide and carbon dioxide at the same chemical ratio (sample G03, SBET of 640 m2/g). These results indicate that the development of porosity in activated carbon from the coconut shell at this low gasification temperature is mainly caused by the action of the chemical agent. Bansal et al. [39] have shown that the reaction between char and CO2 is endothermic. When the activation temperature was lower than 750°C, the reaction between char and CO2 was slow, so that the specific surface area, total pore volume, and micropore volume were relative small. Guo et al. (2009) [8] found that the maximum micropore percentage of 87.1%and 1391m2/g of the specific surface area of the coconut shell activated carbon was obtained at the activation temperature of 900°C using a hold time of 240 min and CO2 flow rate of 600 cm3/min. Table 4 indicates that at the chemical ratio of 4.0 the increase in the activation temperature from 600°C (sample GIS) to 700°C (sample G16) produced a slight change in the porous properties of these samples. This indicates that above 600°C the increase in specific surface area is not significant with reference to the increased activation temperature employed. Figure 9 presents the N2 adsorption/desorption isotherms of an activated carbon from the coconut shell gasification using different chemical ratios of KOH (CR = 0-2) at 600·C for 180min. All of N2 adsorption/desorption isotherms show a similar shape, and they belong to Type I isotherm of the BDDT (Brunauer, Deming, Deming, and Teller) classification with a plateau practically parallel to the relative pressure axis and with quite a small hysteresis loop. Effectof temperature on (a) gas yield, (b) gas composition, and (c) gas heating value from gasificationof coconut shell with carbonizationstep using50% CO2, chemicalratio of 4.0 for 60 min.
This indicates that these carbons are essentially microporous with a very low meso-and macroporosity. These results are consistent with the pore volume distribution and average pore size shown in Figure 8 (b) and Table 4 . Figure 10 demonstrates the effect of gasification temperature on the yield, pore volume distribution, and specific surface area of the activated carbons from coconut shell gasification without the carbonization step using both potassium hydroxide and carbon dioxide. It can be seen that the higher gasification temperature tended to lower the yields of activated carbons (Figure lO(a) ). As seen from Figure lO (b) no microspores are developed at a relatively low gasification temperature of 300°C but an increase in micropore volume can be noticed at higher temperatures with a dramatic increase at 600°C. Also, a similar trend can be observed for the specific surface area of activated carbon products (Figure lO(c) ). These results agree with the work of Iqbaldin et al. (2013) [40] who reported that the development of porosity was achieved at an activation temperature higher than SOO°C.Their activated carbons have been prepared from coconut shell by chemical activation with potassium hydroxide, Moreover, Table 4 indicates that increasing the activation temperature gave a decrease in the average pore size from 3.37to 2.7Snm (cf. samples G07,G08, GO,and G03). The measured N2 adsorption isotherms (not shown here) indicate that the volume of micropores was increased with an increasing gasification temperature because the increase in the adsorbed amount of Nz and Type I isotherms is still observed even at the highest gasification temperature of 600°C.
When incorporating the carbonization step by heating the biomass in argon prior to gasification, the results showed a significant increase in the solid yield and a slight decrease in the porous properties of the activated carbon from the gasification process by using potassium hydroxide and carbon dioxide (see G06 and Gll in Table 3 ) at a gasification temperature of 600·C for 180min and chemical weight ratio of 2.0. The isotherms of G06 and Gll activated carbons show the same Type I isotherm with almost no hysteresis loop. Figure 11indicates that the carbonization step did not strongly affect the porous properties of the activated carbon, because there are small differences in the specific surface area and pore volume. On the other hand, the incorporation of the carbonization step prior to the gasification step had an influence on the porosity properties of activated carbons when the gasification time was increased from 30 min to 180min at a gasification temperature of 600·C (cf. Gll-G13 in Table 4 ). The specific surface area of activated carbons was found to decrease from 1330 to 921m2/g when the gasification time was increased from 30 to 180min. This is probably caused by the collapse of some weak microspores at a long gasification time as is evident from the drop in the total pore volume and micropore volume. Furthermore, the experimental results show that the specific surface area of activated carbons increased by about 1.5 times when the chemical ratio was increased from 3.0 to 4.0 (cf. G14 and GIS in Table 4 ).
The highest surface area of activated carbons (2760 m2/g) was achievable from the gasification at a temperature of 700°C for 60 min and a chemical ratio of 4.0 with the introduced carbonization step (sample GI6). This surface area is higher than that of commercial activated carbons (normally ranging from 800 to 1500m2/g) and that reported by Geng et al. (2013) [41J, who produced coconut shell activated carbon with a high surface area ofl728 m2/g by steam gasification combined with 5% HCI catalyst at 900°C. Figure 12summarizes the effect of gasification conditions on the specific surface area, yields of hydrogen gas and carbon monoxide gas products, and the heating value of produced gas based on the total weight of gas products and the total weight of coconut shell precursor. Figure 12(a) shows that the highest surface area of activated carbon (2760 m2/g) was obtained from the gasification at a temperature of 700°C for 60 min, at chemical ratio of 4.0, and with the carbonization step (sample G16). It was found that the carbonization step could promote the generation of hydrogen gas and appeared to inhibit the formation of carbon monoxide (Figure 12 (b». These results appear to agree with the work reported by
.e Raut (2014) [42] who studied the effect of torrefaction (a mild pyrolysis treatment of biomass at temperatures between 200 and 320°C) on the steam gasification of wood over the temperature range from 750 to 850°C in a bubbling fluidized-bed reactor. It was discovered that the torrefied biomass produced a higher concentration of hydrogen in the syngas product as compared to the untorrefied biomass. This favorable effect of torrefaction was attributed to such factors as the decreasing oxygen/carbon ratio, improvement of pore structure of char, and the destruction of wood fiber structure that could enhance the yield and hence the quality of the syngas product. As shown in Figure 12 (c), the maximum concentration of carbon monoxide of 67 %wt was found at the gasification without carbonization step at 500°C for 180min and chemical ratio of 0.75 (sample G09). However, the high surface area activated carbon could not be achieved under those gasification conditions. Figure 12 (d) further shows that the variation of heating value per kilogram of gas products is related to the composition of hydrogen and carbon monoxide and the results indicate that the carbonization step could enhance the heating value per kilogram of gas products. On the other hand, if the heating value is expressed based on the weight of the coconut shell, the results indicate that the carbonization step does not give an improvement on the heating value (Figure 12(e) ). Finally, from the experimental results it can be inferred that the optimal condition for achieving high hydrogen composition (27.90%wt) and propane composition (16.50%wt) of produced gas, highest heating value (41.4MJ/kg of gas and 3.31MJ/kg of coconut shell), and high specific surface area (2,650 m2/g) of produced activated carbon is to employ the gasification temperature of 600°C for 60 min and chemical ratio of 4.0 with the incorporation of carbonization step (sample GIS).
Conclusions
An attempt was made to investigate the CO2 gasification of coconut shell biomass at low temperatures from 300 to 700·C using KOH as a catalyst. Increasing catalyst loading and temperature had a favorable effect on promoting the porous properties of activated carbon product. The incorporation of the carbonization step prior to gasification slightly decreases surface area and pore volume of resulting carbon products. Catalyst loading and gasifying temperature showed a significant influence on the yield, composition, and heating value of the syngas product. Carbon dioxide was found to be the main gas component for CO2 gasification without KOH. However, gasifying the coconut shell with both CO2 and KOH could enhance the generation of hydrogen and carbon monoxide and retard the formation of carbon dioxide. The heating value of gas products tended to increase with the amount of KOH catalyst and to increase with temperature in the range from 300 to SOO·C.Gas yield decreased substantially when the carbonization step was included prior to gasification but the gas heating value was not greatly affected. The optimal condition for achieving high hydrogen composition (27.90 %weight), high heating value (41.4Ml/kg of gas) of produced gas, and high specific surface area (2650 m2/g) of activated carbon product was to first carbonize coconut shell and gasify the resultant char at 600·C for 60 min using chemical weight ratio of3.0. Finally, it might be worthwhile to continue this work on analyzing the economic feasibility of this low 
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